Methane seepages are widespread in the Black Sea. However, microbiological research has been carried out only at the continental shelf seeps. The present work dealt with coastal gas seepages of the Kalamit Bay (Black Sea). High-throughput 16S rRNA gene sequencing and radiotracer analysis ( 14 S and 35 S) were used to determine the composition of the microbial community and the rates of microbial sulfate reduction and methane oxidation. The phylum Proteobacteria, represented mainly by sulfate reducers of the class Deltaproteobacteria, was the predominant in sequence dataset. Bacteroidetes and Planctomycetes were other numerous phyla. Among archaea, the phylum Woesearchaeota and Marine Benthic Group B were predominant in the upper horizons. Relative abundance of Euryarchaeota of the families Methanomicrobiaceae and Methanosarcinaceae (including ANME-3 archaea) increased in deeper sediment layers. Sulfate reduction rate (up to 2.9 mmol/L × day) was considerably higher than the rate of anaerobic methane oxidation (up to 43.4 μmol/L × day), which indicated insignificant contribution of anaerobic methane oxidation to the total sulfide production.
INTRODUCTION
Methane seepages from marine sediments are geological phenomenon, which has been attracting attention of researchers for decades and were found in many areas of the World Ocean (Judd et al. 1997; Skarke et al. 2014) . The sites of such seepages are often oases of life at the sea bottom. High methane levels promote growth of aerobic methanotrophic bacteria; they consume oxygen and produce additional organic matter (OM; Ruff et al. 2013; . Intense microbial methane oxidation and transformation of newly formed OM are accompanied by a sharp decrease in oxygen concentration. At the sites of methane seeps oxygen is present only in the uppermost layers of the sediment. Oxygen depletion results in activation of sulfate-reducing prokaryotes, which play the key role in the terminal phases of OM decomposition in marine sediments (Ruff et al. 2013; Felden et al. 2014) . Methane oxidation has been long known to occur both in oxidized and reduced (anoxic) marine sediments. In the latter case, it can be oxidized by consortia of methanotrophic archaea and sulfate-reducing bacteria (for review see Knittel and Boetius 2009) . Activity of such consortia results in production of significant amounts of CO 2 and sulfide in subsurface sediment horizons. CO 2 excess results in formation of authigenic carbonates, termed methane-derived carbonates (Lein et al. 2002a,b) . At the sediment surface continuous sulfide flow promotes development of bacterial mats consisting mainly of colorless filamentous sulfur bacteria (Knittel et al. 2005; Lloyd et al. 2010) .
Large-scale methane seepages in the Black Sea were discovered in the late 1980s (Polikarpov et al. 1989) . Today most methane seeps at the slope of the northwestern Black Sea shelf and mud volcanoes of the deep-water zone have been studied (Pimenov et al. 1997; Lein et al. 2002a,b; Michaelis, Seifert and Nauhaus 2002; Stadnitskaia et al. 2003; Treude et al. 2007) .
Recent geoacoustic investigation of the coastal zone of the Crimean Peninsula indicated wide occurrence of shallow-water methane seeps at depths not exceeding 10 m (Egorov, Artemov and Gulin 2011) . Biogeochemical and microbiological investigation of the sediments of shallow-water seeps in the Sevastopol area revealed enhanced rates of methane oxidation and sulfate reduction (SR) compared to the background sediments outside the field of gas emission (Pimenov et al. 2013; Malakhova, Kanapatskii and Egorov 2015) . Methane seepages discovered over 30 years ago in the Kalamit Bay, Black Sea, close to the coast of the Tarkhankut Peninsula, are also of considerable interest. Investigation of these seeps revealed that the depth of oxygen penetration into the sediments of gas seepage sites did not exceed 1 cm, while sulfide concentration in subsurface sediments was as high as 3 mM. The waters of the Tarkhankut Peninsula southern coast are relatively well protected from anthropogenic impact (Gulin, Timofeev and Bondarenko 2010; Orekhova et al. 2010) . Formation of such strongly reduced, gas-saturated sediments enriched with OM at the sites of methane seep discharge is therefore the result of active development of microbial communities involving methane and sulfur compounds in the biogeochemical cycles. No information is presently available on functional and phylogenetic diversity of microorganisms in this area.
The goal of the present work was to determine the mechanism of formation of microbial communities in the shallowwater methane seeps at the southern coast of the Tarkhankut Peninsula. For this purpose, we investigated the rates of microbial processes, sediment geochemistry and diversity of microorganisms for two seeps sediments.
MATERIALS AND METHODS

Sampling and hydrochemical parameters
Sediment samples were collected in early September 2014 from two methane seeps: TKhK-1 (45.362510 • N, 32.749132
• E) and • N, 32.730627
• E) located at the water depth 4 m ( Fig. 1) . Samples of undisturbed sediments were collected using an acrylic sampling tube. Redox potential (Eh) was measured ashore immediately after the core recovery using a Sension-1 portable digital ion meter (Hach Company, Loveland, Colorado USA). Methane and homologues in the sediments was measured by phase-equilibrium degassing (Egorov and Ivanov 1998) on a Kristall 2000 gas chromatograph (Chromatec, Yoshkar-Ola, Russia). Pore water was obtained by centrifugation for 10 min at 5000 g (Egorov and Ivanov 1998) . Sulfate ion in pore water was determined using a Staier ion chromatograph (Akvilon, Moscow, Russia). The measurements were carried out in three replicates. Each replicate was measured three times. The standard deviation for the instrumental error did not exceed 7.73% (for sulfate) and 9.83% (for methane). The average of three measurements of one replication was taken into account. The standard deviation of the method for three replicates was counted (Fig. 3) . TOC (total organic carbon) in the sediments was determined on a TOC-Vcph analyzer (Shimadzu, Kyoto City, Japan) with an SSM-5000A add-on. Each measurement was performed in one replication.
Microbial activity
The rates of microbial processes were determined by radiotracer analysis with 14 S and 35 S substrates. For the purpose, the sediment in three replicates was collected into a 5 mL syringe and sealed with a gas-tight butyl rubber stopper then the labeled substrate was injected. Labeled substrates (0.2 ml) were injected through the stopper. • S and fixed with 0.5 mL 2 M KOH. The sediment samples fixed prior to addition of the labeled substrates were used as the controls. Sediments samples for the determination of methane oxidation rate were acidified and the produced 14 C-CO 2 was extracted through acidic diffusion, trapped in scintillation vials with phenylethylamine, and the radioactivity was counted (Treude et al. 2003) . The total SR rate was determined by the measurements of radioactive sulfur residing in the acid volatile sulfide fraction (mostly H 2 S + FeS) and chromium-reducible sulfur fraction (mostly FeS + S 0 ) according to methods described previously (Lein et al. 2002a,b; Pimenov and Bonch-Osmolovskaya 2006) . H 2 35 S was collected in the scintillation mixture with phenylethylamine and 35 S radioactivity was measured in scintillation counter (TRI-CarbTR liquid scintillation counter, PerkinElmer, Waltham, Massachusetts, USA). The maximum standard deviation calculated on the basis of three replicates for each layer did not exceed 15.5%. The P-value calculated by t-testing the significance of the difference in the rates of methane oxidation and SR between sediments of TKhK-1 and TKhK-2 seeps was less than 0.005. Microbial abundance was determined using DAPI staining and Axio Imager D1 epifluorescence microscope (Carl Zeiss, Oberkochen, Germany). The cells were counted in 20 microscope fields.
Isolation of DNA
For DNA extraction, sediment samples were homogenized in a FastPrep R -24 Instrument (MP Biomedicals, USA) with glass beads and a lysozyme (final concentration 0.5 mg/ml) in 2-mL tubes. The tubes were incubated for 30 min at 37
• C and then the buffer containing 0,1 M NaCl, 0,5 M Tris-HCl [pH 8.0], proteinase K (2 mg/mL) and SDS (0.7% solution) was added in a one-to-one ratio. The tubes were incubated for 40 min at 50
• C. The procedure of phenol-chloroform extraction and precipitation of nucleic acids with ethanol was then carried out (Tsai and Olson 1991) .
Libraries preparation
The libraries were prepared using PCR with universal primers to the V4 region of bacterial and archaeal 16S rRNA genes: UNIV 515F/UNIV 806R (Caporaso et al. 2012) . After in silico testing of the primers using the Silva (Quast et al. 2012) and Primer-BLAST (Ye et al. 2012 ) online services, their sequences were modified in order to improve the coverage of various groups of prokaryotes: UNIV 515F: 5 -G TGB CAG CMG CCG CGG TAA -3 ; UNIV 806R: 5 -GGA CTA CHV GGG TAT CTA AT -3 . Modified positions are shown in boldface. Changes were made on the basis of previously published primers: Uni515F (Kublanov et al. 2009 ) and Bakt 805R (Herlemann et al. 2011) . The PCR mixture contained 1 μM of each primers. Primer annealing temperature was 57 o S.
For each sample, three replicates and a negative control (sterile water) were prepared. The amplicons were separated by electrophoresis in 2% agarose gel, excised from the gel and purified using the Cleanup Standard kit (Evrogen, Moscow, Russia).
Amplicon sequencing and bioinformatics processing
Sequencing was carried out on a MiSeq system (Illumina, San Diego, California, USA) using the reagent kit providing for reading 300 nucleotides from each end. Since the read length exceeded the amplicon length, only forward (R1) reads were used. The reads were checked for the presence of the UNIV806R primer in the 3 region using the CLC Genomics Workbench 7.5 software package (Qiagen, Hilden, Germany). When detected, the primer sequence was excised, while the reads containing no sequence of the UNIV806R primer were excluded from analysis. Demultiplexing as well as subsequent treatment and analysis of the sequences were carried out using the relevant scripts of the QIIME ver. 1.9.0 software package (Caporaso et al. 2010) . The data were filtered with the minimal quality of nucleotide read 30 and read length 249-259 bp. Chimeric reads were revealed using the identify chimeric seqs.py script according to the USEARCH algorithm ver. 6.1544 (Edgar 2010 ) and the Silva 123 reference base of 16S rRNA reads.
The operational taxonomic unit (OTU) table was constructed using the pick open reference otus.py script. The sequences were grouped into OTUs with 97% similarity (Schloss and Handelsmann 2006) using the USEARCH algorithm ver. 6.1544 (Edgar 2010 ) and the Silva 123 reference database, ver. 123. The representative sequences were determined using the UCLAST method (Edgar 2010) .
Alpha diversity analysis and construction of the rarefaction curves were carried out using the core diversity analyses.py using 560 410 reads per sample.
To determine the key microorganisms involved in SR and methane oxidation, we performed a correlation analysis between the sequencing data and microbial activities. We used Qiime script observation metadata correlation.py to calculate Pearson scores. The P-value was corrected with BenjaminiHochberg and Bonferroni procedures for multiple comparisons. The OTU table was normalized by the cumulative sum scaling method with Qiime script normalize table.py (Paulson et al. 2013) .
RESULTS
Physicochemical properties of the sediments
Bottom sediments of seeps were dark gray (seep TKhK-1) and black (TKhK-2) reduced silts with a characteristic smell of sulfide. Layer-by-layer Eh measurements in the core of the sulfidic sediments from TKhK-2 (the most active seep) revealed possible diffusion of dissolved oxygen from near-bottom water into the upper sediment horizons to the depth of 1 cm (Fig. 2) . At the depth of 0.5 cm, Eh of the seep sediments was already slightly negative (-46 mV), indicating the presence of sulfide throughout the sediment column of the TKhK-2 seep. Deeper, the gradient of the vertical profile decreased greatly reaching -326 mV in the 9-cm layer.
Methane profiles in the sediments of the TKhK-1 and TKhK-2 seeps are shown on Fig. 3a . While the profiles are to some extent similar, methane content in TKhK-2 sediments was almost two orders of magnitude higher than in TKhK-1 sediments (163-932 and 1.7-5.6 μmol/L, respectively). The content of methane homologs in both seeps was below the detection level.
Sulfate concentration in TKhK-1 varied from 16.2 to 19.4 mmol/L with the maximum in the lowermost layer (10-13 cm). In the TKhK-2 sediments, sulfate distribution was very different from TKhK-1, with the maximum of 27.6 mmol/L in the upper layer (0-3 cm) and a decrease to 11.5 mmol/L at the depth of 7-10 cm (Fig. 3b) . Sulfate concentration in near-bottom water at the seep area was 17-18 mmol/L.
Carbon isotopic composition of methane (δ 13 C) in the sediments of the methane seeps varied from -48 to -56 . Organic carbon in TKhK-1 varied from 1.2% to 1.38%. In TKhK-2 maximum TOC content was in the layer 7-10 cm (2.03%) and decrease to 1.08% at 10-14 cm (Table S1 , Supporting Information).
Rates of methane oxidation and SR
SR rates in the seep sediments are shown on Fig. 3c . SR rates in the TKhK-2 seep varied from 1.7 to 2.9 mmol/L × day and considerably exceeded those in the TKhK-1 seep (0.32-0.52 mmol/L × day). In both cases the SR rate peak was found in the 5-7-cm horizon.
The rates of anaerobic methane oxidation (AOM) in the TKhK-2 sediments varied from 1.9 to 43.4 μmol/L × day and was also considerably higher than in the TKhK-1 sediments (0.01-0.07 μmol/L × day). Similar to SR rate, the peak of AOM rate occurred in the subsurface sediment layer at 5-7 cm (Fig. 3d) . Due to low rates of SR and AOM in TKhK-1 sediments, further studies were carried out only with TKhK-2 sediments.
Sequencing results and analysis of microbial diversity
A total of 5716 687 16S rRNA gene sequences with the average length of 254 bp were obtained. The coverage calculated using Chao1 (Table 1) varied from 67.2% to 79.8%. Although such coverage is insufficient for complete description of the microbial community, it provides for identification of the major groups.
The Shannon index varied from 9.7 to 10.5, indicating very high microbial diversity in the studied community (Table 1) .
We have done correlation analysis on the SR and AOM rates data and 16S rRNA sequences. Unfortunately, we did not find meaningful correlation values for OTU with a relative number of reads more than 0.1% (560-576 reads per sample).
Total microbial abundance and taxonomic composition of the microbial community
Microbial numbers in the TKhK-2 sediments varied from 5.36 to 11.64 × 10 9 cells/mL. In the surface horizon (0-4 cm), it was 5.36-7.12 × 10 9 cells/mL. A peak of 1.158-1.164 × 10 10 cells/mL was observed at 4-6 cm. In deeper layers microbial abundance decreased gradually to 7,36 × 10 9 cells/mL ( Table 1) .
The most numerous phylum of bacteria, the Proteobacteria (54.8%-25.8%), was represented by four classes: Deltaproteobacteria (34.6%-7.9%), Gammaproteobacteria (14.4%-5.3%), Epsilonproteobacteria (2.6%, only in the 0-1 cm horizon), and Alphaproteobacteria (11.8%-6.7%; Fig. 4a, b) . In the upper layer (0-1 cm) members of Proteobacteria phylum constituted over 50% of the bacterial community and were represented mainly by the Deltaproteobacteria. The members of Bacteroidetes phylum constituted 8.8%-20.1% of the microbial community and the most numerous classes were BD2-2, Bacteroidia, and Flavobacteriia. Bacteria of the phylum Planctomycetes were the third most numerous group (5.5%-9.5%). Approximately 30% of the members of this group belonged to the class Phycisphaerae. The relative abundance of the Chloroflexi and Spirochaetae was similar (3%-4.5% and 2.2%-7%). Predominante classes among the Chloroflexi and Spirochaetae were Anaerolineae (1.3%-4.9%) and Spirochaetaetes (2.2%-7%), respectively. Relative abundance of archaea in the subsurface horizons varied from 1.4% to 6% (Table 1) . Among the 13 archaeal phyla found, the Woesearchaeota were the most abundant (63.3%-28% of the archaeal sequences; Fig. 5 ). The phylum Euryarchaeota was the second most numerous, with predominance of the class Methanomicrobia (2.8%-55%). Two families represented most of the Methanomicrobia sequences: Methanomicrobiaceae (1.1%-22%) and Methanosarcinaceae (1.5%-29.8%).
DISCUSSION
The highest rates of methane oxidation (up to 43.4 μmol/L × day) were detected in the strongly reduced horizons of subsurface sediments of the TKhK-2 seep. The AOM peak in reduced marine sediments is usually located close to the methanesulfate transition zone (SMTZ). In the Kalamit Bay gas seeps, SR rates while occurred in the same layers considerably exceeded the AOM rates (Fig. 3) . The SR rate in TKhK-1 was about 5 times lower than in TKhK-2, while the rate of OM was lower by several orders of magnitude. This indicates that in the studied seeps SR mainly not associated with AOM.
TOC content in TKhK-2 seep also was higher than in TKhK-1 (Table S1 , Supporting Information). Such differences in TOC and SR rates in the seep sediments require additional OM inflow. Terrestrial OM decomposition or photosynthesis cannot be the main cause of these differences. Otherwise, the TKhK-1 and -2 seeps should have similar TOC and SR characteristics. Aerobic methane oxidation by methanotrophic bacteria may act as a source of additional OM. Methanotrophs, belonging to the family Methylococcaceae, were detected in the uppermost sediment layer, but they constituted only 0.13% of the bacterial sequences. The relative abundance of this family in the 0-1-cm layer of the TKhK-2 seep is probably insufficient to explain main OM inflow. Members of the phylum Verrucomicrobia may also be involved in aerobic methane oxidation. Previously they were shown to oxidize methane in acidophilic hydrothermal environments (Sharp, Stott and Dunfield 2012; Sharp et al. 2014) . The relative abundance of this phylum in the 0-1-cm layer of the TKhK-2 seep was 3.3%.
It can be also assumed that the additional OM comes from fossil carbon sources other than methane. However, we could not detect methane homologues. Therefore, we reject this hypothesis. Another hypothesis involves the formation of additional OM due to chemosynthesis. Formation of bacterial biofilms on the sediment surface may indicate massive development of chemotrophic sulfur-oxidizing bacteria. Their primary production acts as an easily consumable substrate for the heterotrophic microbial community. Anomalously high sulfate concentration in the upper sediment horizons is an indication of large-scale oxidation of reduced sulfur compounds (Fig. 3b) . Sulfate content in the pore waters of the THT-2 upper sediment layers (27.6 mmol/L) was significantly higher than in the near-bottom water (22 mmol/L). This elevated sulfate level may be explained by active oxidation of sulfide arriving from the underlying horizons. The subsequent sharp decrease in sulfate concentration, typical of OM-rich shelf sediments, indicated high rates of SR. Moreover active sulfide oxidation in upper sediment layers may occur not only at the expense of biogenic sulfide, but also at the expense of sulfide contained in the seep gas.
A similar phenomenon was previously reported for methane emissions in the Black Sea northwestern shelf (Lein et al. 1995) .
Sequencing of the 16S rRNA gene fragments revealed high abundance of Deltaproteobacteria in upper layers of the TKhK-2 seep. This was the most numerous class of microorganisms ( Fig. 4b) and was represented by two families: Desulfobacteraceae and Desulfobulbaceae. These families include various sulfate-reducing and metal-reducing bacteria that specialize in the oxidation of low-molecular weight organic compounds (Lovley et al. 1993; Muyzer and Stams 2008; Leloup et al. 2009 ). High activity of sulfate-reducing bacteria is accompanied by production of sulfide, which acts as an electron donor for the chemolithotrophic sulfur-oxidizing microorganisms. Microorganisms of the class Epsilonproteobacteria probably acted as sulfur-oxidizing bacteria. Most of them belonged to the genera Sulfurovum and Sulfurimonas, which are common in marine ecosystems (Reigstad et al. 2011; Labrenz et al. 2013; Mino et al. 2014) . Members of the families Thiotrichaceae and Piscirickettsiaceae (genus Thiomicrospira) were other microorganisms capable of sulfide oxidation and surface mat formation. Similar to Epsilonproteobacteria, they occurred in the upper sediment horizon (0-1 cm), although their relative abundance did not exceed 0.5%.
Apart from the microorganisms of the methane and sulfur cycles, seep sediments contained other prokaryotes such as Gammaproteobacteria, Bacteroidales, Flavobacteriales, Chloroflexi and Planctomycetes. These microorganisms are often found in marine bottom sediments and associated with various processes of transformation of autochthonous and allochthonous organic matter (Ruff et al. 2013; Humphry et al. 2001; Sakai, Kimura and Kato 2002; Fry et al. 2008; Webster et al. 2011) . Some contribution to the production of primary OM can be made by representatives of purple non-sulfur photosynthetic Rhodobacteraceae to which belong up to 5.5% of the microorganisms of THT-2 upper sediment layers.
Among archaea, members of the phylum Woesearchaeota, were predominant in the seep sediments. These microorganisms occur in marine and freshwater ecosystems, in bottom sediments, groundwater, microbial mats, in thermal springs (Takai and Horikoshi 1999; Robertson et al. 2009; Kan et al. 2011 , Castelle et al. 2015 Pachiadaki et al. 2011) . The pure culture of the Woesearchaeota is not available, so little is known about the physiology and metabolism of these organisms. Bioinformatic studies suggest a high diversity of Woesearchaeota and a heterotrophic life style in both aerobic and anaerobic environments. (Castelle et al. 2015 , Liu et al. 2018 . It is also assumed that they are in a synthrophic relationship with methanogens, supplying them with hydrogen and acetate for methanogenesis (Liu et al. 2018) .
Methanogens of the class Methanomicrobia increased in the deep horizons. This can be observed because sulfate-reducing bacteria cannot outcompete methanogenes in conditions of shortage of sulfate (Schink 1997) . Indeed, in TKhK-2 seep, the concentration of sulfate decreases with depth. In our case, the Woesearchaea can also serve as an additional source of a substrate for methanogens, thus reducing competition with sulfate redactors (Liu et al. 2018) . Moreover, the highest methanogen abundance was revealed in the horizons with the peak of AOM rate. These results agree with the suggestion that under unfavorable conditions and high methane concentration methanogenic archaea may survive by carrying out AOM at high pressure of methane (Zender and Brock 1979, Valentine 2002) . This process is also called 'trace methane oxidation' or TMO. Via TMO, methanogens can additionally receive energy (Moran et al. 2005 (Moran et al. , 2007 . ANME-3 archaea constituted 0.0005%-0.0024% of the total number of archaeal reads in the deepest horizons (7-12 cm). These microorganisms were probably at least partially responsible for AOM at the depth of 0-7 cm (Fig. 3d) . Massive occurrence of ANME-3 with sulfate-reducing bacteria of the family Desulfobulbaceae was revealed in the Haakon Mosby mud volcano, where they carry out the process of AOM (Niemann et al. 2006 , Lösekann et al. 2007 . Methane concentration in the sediments of the Tarkhankut Peninsula seeps was comparable to that at the Haakon Mosby mud volcano. However, the numbers of anaerobic methanotrophs were significantly lower. This may result from significantly susceptibility of coastal ecosystems to such environmental factors as seasonal fluctuations and mixing by storms, compared to deep-water ones. Only ANME-1 and ANME-2 archaea were revealed previously in Black Sea deep-water seeps (Michaelis, Seifert and Nauhaus 2002; Treude et al. 2007) . Our findings also confirms the recent assumption that ANME-3 archaea can occur in such low-pressure habitat as coastal marine sediment with high organic and sulfide content (Bhattarai et al. 2017) .
CONCLUSION
The sediments of Cape Tarkhankut shallow-water methane seeps are characterized by extremely high rates of SR that exceeds AOM and by a broad spectrum of hydrolytic heterotrophic bacteria. Our research suggests that the development of the microbial community is possible via production of primary OM by chemolithotrophic and photosynthetic bacteria. The seepage of sulfides is probably promoted the development of sulfuroxidized microbial mats on the surface of sediments.
Methanotrophic archaea were represented only by the philotypes ANME-3. The studied seeps were characterized by the absence of the ANME-1 and ANME-2 methanotrophic archaea, which are usually present and even predominant in the sediments of most of the known gas seepage areas.
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